Industrial scale implementation of post combustion CO 2 capture (PCCC) can be hindered by solvent emissions due to its impact on the environment and the operating costs. The issue of aerosol based emissions has only been recently reported for a PCCC process and very little fundamental knowledge is available in the scientific community on this topic. Therefore, it is important to understand the mechanism of aerosol formation and growth so that appropriate countermeasures can be applied in reducing the total emissions. In this study, a simplified methodology is presented for predicting aerosol based emissions from a CO 2 capture column of a PCCC process. The basis of this methodology is to split the counter-current gas-liquid interaction from the cocurrent gas-aerosol interaction. The absorption column is discretised into multiple alternating gas-liquid and gas-aerosol sections in Aspen Plus with an assumption that aerosols behave as a continuous phase rather droplets. The degree of supersaturation, which is important for aerosol formation and growth, is calculated along the column. The effect of the changes in parameters of the PCCC plant, such as the CO 2 content of the inlet flue gas, the lean solvent temperature and the lean solvent loading on aerosol based emissions are investigated. The aerosol based emissions follows the trend of the supersaturation ratio in the absorber column.
Introduction
Climate change and in particular, temperature rise is a major issue of the current century (Abunowara and Elgarni, 2013; Mori et al., 2013) . Greenhouse gases, especially carbon dioxide (CO 2 ), emitted from anthropogenic sources like fossil fuel based power plants are a major cause for climate change (Aaheim et al., 1999 ; Abunowara and Elgarni, 2013; Min et al., 2011) . Carbon capture and storage (CCS) is globally under extensive research and development to reduce CO 2 emission in the atmosphere (Wall, 2007 ). An absorption-desorption based Post Combustion CO 2 Capture (PCCC) process is one of the most mature and promising technology for capturing the CO 2 Rao and Rubin, 2002) . The entire process is highly energy demanding and reduces the overall power plant efficiency up to 12 % points (Abu Zahra, 2009 ). Apart from energy losses, amine losses due to emissions, thermal degradation and oxidative degradation are a major concern as these not only increase the operating cost, but also lead to adverse environmental effects (IEAGHG, 2010; Mertens et al., 2012) . There are two types of solvent losses due to emissions: (1) emissions due to the component's volatility (vapour emission); and (2) emissions due to aerosols (aerosol emission) (Schaber, 1994) . Here the word 'aerosols' refers to 'aerosol droplets'. Solvent loss by means of mechanical entrainment can be easily controlled and therefore, not considered to occur in PCCC.
The amount of vapour emissions is (amongst others), a function of the volatility of the amine, loading of the solvent and the temperature of the gas phase (da Silva The mechanism of aerosol formation and growth is related to the degree of supersaturation. The degree of supersaturation of flue gas (S) can be calculated using the following equation;
Eq. ( 1 ) where P C is the total partial pressure of all condensing vapour component at the actual temperature T and mole fraction, y i of the supersaturated gas, and P CS is the total partial pressure of all the condensing components corresponding to the phase equilibrium (Gretscher and Schaber, 1999) .
If the supersaturation exceeds a critical value, nucleation takes places and nuclei are formed by molecules of condensing components (homogeneous nucleation) and/or on the impurities in the flue gas (heterogeneous nucleation). Heterogeneous nucleation is induced at low supersaturation ratio (S ~ 1) whereas, homogeneous nucleation occurs at higher supersaturation ratio (S > 2) (Gretscher and Schaber, 1999; Schaber, 1994) . Heterogeneous nuclei present in the flue gas entering the absorber could be for instance sulphuric acid aerosols. Flue gas leaving the flue gas desulphurisation unit of typical coal fired power plant has been reported to have H 2 SO 4 concentration in the range of 1 to 12 parts per million (ppm) equivalent of SO 3 (Wattanaphan et al., 2013) . The presence of impurities like H 2 SO 4 in the flue gas can initiate heterogeneous nucleation even at very low supersaturation (Gretscher and Schaber, 1999 ). The relation of the H 2 SO 4 aerosols and the corresponding particle number concentration to the emissions of the solvent has been proved in a previous study .
Understanding and modelling of vapour emissions is relatively straight forward (da Silva et al., 2013; Nguyen et al., 2011 Nguyen et al., , 2010 . Aerosol based emission is a more complex phenomena to model and to predict. However, modelling is an indispensable tool to understand the complex mechanism and predict the extent of aerosol based emissions. The developed model should be accurate and at the same time be robust. As a first step, this study presents a simplified modelling approach to predict aerosol emission as a function of the operating conditions. The methodology is implemented in Aspen Plus which is a commercially available flow sheeting tool. This model is intended to serve the purpose of understanding and predicting trends. The modelling tool is an approximation and the exact local conditions within the plant can differ. Hence, it should be noted that values reported can only be compared qualitatively with experimental results.
Nomenclature

CCS
Carbon Capture and Storage PCCC Post Combustion CO 2 Capture MEA Monoethanolamine PFR Plug Flow Reactor
Modeling approach and assumptions
Methodology
To model a CO 2 absorption column, mass and heat transfer processes occurring in each of the phase need to be solved simultaneously. However, standard flowsheeting tools such as Aspen Plus do not have the option of introducing an additional phase in an absorption column. Therefore, in this study a simplified modelling approach was used to understand aerosol based emissions in a reactive absorption process using standard flowsheeting tools such as Aspen Plus. This is shown in Figure 1a . The absorption liquid flows counter-current to the gas phase, while the aerosol phase is co-current to the gas phase. The absorber column is divided into smaller sections and instead of the simultaneous mass and heat transfer process of all the three phases, the process is divided into two steps. The first step is the counter-current contact between liquid and gas phase. The second step is the co-current contact of aerosols with the resulting gas phase from the first step. It is assumed that there is no direct contact between the absorption liquid phase and the aerosols.
Implementation in Aspen Plus
The process simulation software, Aspen Plus V8.0 was used as the modelling tool. A single absorption column is divided into smaller absorber sections. Each section consist of two calculation blocks. In the first calculation block, the mass and heat transfer of the counter current gas-liquid absorption is solved using a rate based absorber model. In the second calculation block, a plug flow reactor (PFR) (Levenspiel, 1999) model is used to simulate the cocurrent contact between aerosols and gas phase. Figure 1b represents the generic section 'i' of the model. Treated flue gas from section 'i' is mixed with the aerosols of section 'i+1' before entering PFR model. The outlet stream of PFR model at section 'i' is flashed to separate gas phase and aerosols before entering the next section 'i-1'. Rich solvent from section 'i-1' enters section 'i' as lean solvent. Similarly, treated flue gas from section 'i+1'is the inlet flue gas to section 'i'. The dimensions (length and diameter) of the PFR are similar to that of the absorber column. The PFR and flash drum operates at the same temperature and pressure as the gas phase. To demonstrate the discretization method and to quantify the aerosol based emission, a base case was defined as follows, Table 1 shows the flow rate and composition of flue gas and lean solvent. Table 2 and the specifications of absorber model used in Aspen Plus. The corresponding liquid to gas ratio (L/G) is 3.5 kg of liquid/ kg of gas.
A rate based absorber model (Rad Frac is the rate based model frame work in Aspen Plus) is used. The Electrolyte -NRTL (ELECNRTL) model in Aspen Plus is used to describe the thermodynamic property of the given H 2 O-MEA-CO 2 system. The chemical reactions kinetics (MEA REA in Aspen Plus V8.0) considered for absorber and PFR model (Abu-Zahra et al., 2007, Zhang Y, and Chen C-C., 2013) are as shown in Table 3 . The input parameters to the Aspen Plus model for the aerosols are inlet volume and composition and are calculated as follows:
Step: 1.
Assume a diameter for the aerosol droplet, say 0.1 µm .
Step: 2.
Calculate the volume of a single aerosol by considering it as perfect sphere .
Step: 3.
Calculated volume in step 2 is multiplied with the aerosol number concentration to obtain the total volume of aerosol per m 3 gas phase.
Step: 4.
Multiply the value in step 3 with total volume of flue gas to obtain the inlet volume flow of aerosols in m 3 /s.
Step:5.
The sulphuric acid amount in the aerosols is calculated by multiply the expected sulphuric acid concentration (say 3 mg/Nm 3 ) with the total gas volume
Assumptions
Several assumption have been used in order to simplify the modelling approach. They are as follows, 1.
The aerosols number concentration is typically in the range of 10 13 to 10 14 per m 3 of gas ). Here, the particle number concentration is assumed to be constant and equal to 10 14 per m 3 of gas, and the H 2 SO 4 concentration is assumed to be 3 mg/Nm 3 . Moreover, no coagulation or deposition of aerosols is considered.
2.
The aerosol phase is modelled as bulk liquid phase 3.
No nucleation in the absorber column (i.e. only growth of the aerosol is studied ).
4.
Chemical reactions take place only in liquid phase.
5.
No direct contact between liquid phase and aerosols (i.e. mass and heat transfer process takes place only between the aerosols and gas phase). 6.
The overall mass transfer of CO 2 and MEA is predominately liquid phase controlled. Therefore, the assumption can be made that surface area of the aerosols can be neglected.
7.
The Kelvin effect is neglected. The vapour pressure for a curved surface will be larger than that of the flat surface. This increase in vapour pressure is described by Kelvin effect (Hinds, 2012) .
Eq. (2) Here, p is the actual vapour pressure, p 0 is the vapour pressure over a flat surface, γ is the surface tension, V m is the molar volume of the liquid, r is the radius of the droplet, R is the universal gas constant, and T is the temperature. Small liquid droplets like aerosols will exhibit a higher effective vapour pressure, since the surface area is larger in comparison to the volume. As the size of the aerosols increases, the effective vapour pressure decreases and the droplets grow into bulk liquid. It can be easily verified using Eq. (2) that H 2 O aerosols with a size larger than 25 nm in radius at any temperature above 30 °C, the vapour pressure over the curved surface will be equal to a flat surface i.e. the effect of surface curvature can be neglected. Therefore, in order to simplify the modelling approach the Kelvin effect is neglected.
Results and discussion
In this section, some of the main parameters of the absorber section in a PCCC process will be studied as an initial step towards understanding aerosols based emission. Starting from the base case, the sensitivity of the following parameters on the aerosol based emissions is evaluated,
• CO 2 concentration in the inlet flue gas • Lean solvent temperature • Lean solvent loading (mol CO 2 / mol MEA) By studying the impact of the above mentioned parameters on the supersaturation profile an insight into the mechanism of aerosol based emission can be obtained.
Base case
For the base case, the entire absorber column without discretizing into sections and no aerosols is simulated. The degree of supersaturation of the flue gas is calculated using Eq (1). Figure 2 shows the temperature and supersaturation profile across the absorber column. The temperature of the gas increases as the gas moves up the column due to the exothermic reaction between CO 2 and MEA. The temperature of the flue gas reaches its peak (i.e. hot zone), typically at 2/3 of the column for the chosen liquid to gas ratio. The increase in temperature along the column leads to increase in the partial pressure of volatile components such as water and MEA. This increase in partial pressure of the volatile components leads to an increase in the supersaturation ratio, however, remains below 1 until stage 2. Above the hot zone, the flue gas temperature decreases by the incoming relatively colder lean solvent. This results in a drastic decrease of the gas temperature forming a temperature bulge inside the absorber column. The temperature bulge can be defined as difference between maximum (hot zone) and top temperature of the flue gas in the absorption column.. The drastic temperature decrease leads to a crossover of the gas and liquid temperatures, with the gas being hotter than the liquid in stage 1 and 2. This leads to a significant increase in the supersaturation ratio and reaches a mximum of about 1.03 at the top of the column. Therefore, there is a potential for heterogeneous nucleation in the zone where S>1 resulting in the growth of aerosols by condensation of water and MEA. It can be inferred that reducing the difference between the gas and liquid temperatures, reduces the supersaturation ration and thereby, lowering the potential for aerosol formation. 
Effect of the change in inlet flue gas CO 2 concentration
The flue gas composition in terms of CO 2 and O 2 content of the power plant depends on factors like the composition of the fuel being burned, load variation, combustion conditions, etc. Moreover, studying the effect of different CO 2 concentration in the flue gas gives an insight into the mechanism of aerosol based emissions. The CO 2 concentration in the flue gas is varied from 13 % to 2%, while the N 2 concentration is adjusted to maintain a constant flow rate. The liquid to gas ratio is kept constant by maintaining the same liquid flow rate. From Figure 3 , it can be observed that the supersaturation ratio along the column increases as the CO 2 content is reduced. Moreover, at lower CO 2 content the supersaturation ratio is greater than 1, even in the lower stages of the column. The supersaturation ratio has a maximum of 1.1 at 6 vol.% CO 2 in the flue gas. Subsequently, the supersaturation ratio decreases on futher decrease in inlet CO 2 content to 1.05 at 2 vol.% CO 2 , but is still higher than the supersaturation ratio at 13 vol.% CO 2 . As seen in Figure 4 , the temperature of the top stage in the absorber increases at higher CO 2 content because of the larger amount of higher amount of CO 2 transferred to the liquid phase, thereby increasing the total amount of heat released. This temperature increase causes the MEA content in the vapour stream leaving the absorber section to increase to a maximum of 386 mg/Nm 3 at 66 °C. The increase in vapour based emissions is in accordance with the corresponding increase in temperature and the expected change in activity of MEA in the solvent. Figure 5 . Supersaturation ratio at the top of the absorber column and the corresponding aerosol based emissions of MEA at varying inlet CO2 content.
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The supersaturation ratio at the top of the absorber column is maximum at 6 vol.% as seen in Figure 5 . The aerosol based emissions are seen to increase from 80 mg/Nm 3 to about 200 mg/Nm 3 at 10 vol.% and reduces to 120 mg/Nm 3 at 13 vol.% CO 2 . The aerosol based emissions shows a maximum at 10 vol.% CO 2, unlike the maximum of supersaturation ratio at 6 vol.% CO 2 . The aerosol based emission depends not only on the supersaturation ratio, but also on the absolute temperature at which the supersaturation occurs. The aerosol based emissions are expected to be higher if the concentration of volatile components in the gas phase available for transferring to the aerosol phase is higher at the same supersaturation ratio. This could be the possible cause of increase in aerosol based emissions from 6 to 10 vol.% CO 2 . Moreover, the activity of the amine is an important parameter in determining the extent of volatile components present in the aerosol phase. As the activity of the MEA in the solvent reduces when the CO 2 content in the flue gas is increased, the aerosol based emissions reduces from 10 to 13 vol.% CO 2 . As two competing effects; (i) increase in the volatile emissions and (ii) lowering of the amine activity, occur when the inlet CO 2 flue gas content is increased, the modelling methodology shows a mismatch between the top supersaturation ratio and corresponding aerosol based emissions.
Effect of the lean solvent temperature
In this case, the lean solvent temperature is varied from 30°C to 50°C, while keeping the remaining process parameters constant. On increasing the lean solvent temperature the flue gas temperature after the hot zone increases. Therefore, the temperature bulge decreases. The decrease in the temperature bulge decreases the top supersaturation ratio too, as shown in Figure 6 . The increase in the top supersaturation ratio results in higher aerosol based emission as shown in Figure 7 . The top supersaturation ratio increases from 1.02 at 50 °C to 1.09 at 30°C, while the corresponding aerosol based emission increases from 105 to 181 mg/Nm 3 . However, the top temperature increase results in a higher vapour emission of MEA as shown in Figure 8 . Therefore, the total emission increases on increasing the lean solvent temperature however, the aerosol based emission decreases. The high vapour emission can be more easily removed by a conventional wash section and therefore, increasing the lean solvent temperature can be a short-term solution for reducing aerosol based emissions. 
Effect of the lean solvent loading
The lean solvent loading represents the degree of regeneration in the stripper. The lean loading of the solvent is varied from 0.13 to 0.30 mol CO 2 / mol MEA at a constant liquid to gas ratio. Therefore, the CO 2 capture percentage decreases as the CO 2 loading of the lean solvent increases. As shown in Figure 9 , the supersaturation profile increases, especially at the top of the column as the lean loading decreases. Up to a lean loading of 0.23, the supersaturation ratio at the bottom of the column is below 1, and increases throughout the column reaching a maximum at the top. However, as the lean loading decreases further, an additional zone of high supersaturation ratio is formed in the lower section of the column. As the lean loading of the solvent increases, the transfer of CO 2 to the solvent shifts lower in the column. Therefore, majority of the corresponding heat is also released is in the lower sections of the column resulting in an increase in the supersaturation ratio in the lower section of the column. Moreover, the activity of the volatile components, MEA and water, also increases as the lean loading of the solvent is reduced. The corresponding aerosol based emissions also reduces as the CO 2 loading of the lean solvent is increased as shown in Figure 10 . The lower supersaturation ratio at the top of the absorber column is a result of the lower activity of the volatile components at higher CO 2 loading of the lean solvent. The top temperature in the absorber column increases as the lean loading is reduced from 0.3 to 0.23. The corresponding vapour based emissions of MEA also increases as shown in Figure 11 . On further decrease of the lean loading, most of the CO 2 is transferred at the bottom sections of the column causing more cooling in the top section of the column and a lower top temperature. This is confirmed by the supersaturation profile change as shown in Figure 9 . However, the corresponding MEA vapour emission is seen to increase as a result of it higher activity in the solvent and reduces, only at the lean loading of 0.13. Therefore, increasing the lean loading of the solvent decreases the aerosol based as well as total emissions. 
Results and discussion
Aerosol based emissions of solvent and its components from a PCCC plant need to be understood in detail from both an experimental and theoretical perspective. In this study, a simplified methodology has been presented for understanding aerosol based emissions from a CO 2 capture absorber column in a PCCC process. The degree of supersaturation was found to be an important parameter in predicting the extent of the aerosol based emissions. The impact of various process parameters such as the inlet flue gas CO 2 concentration, the temperature of the lean solvent and the CO 2 loading of the lean solvent, on supersaturation profile along the column was investigated. Increasing the lean solvent temperature and the lean solvent loading resulted in lowering of the aerosol based emissions. A maximum in the supersaturation ratio was observed at 6 vol.% CO 2 and the maximum in aerosol based emissions was observed at 10 vol.% CO 2 . The mismatch in the maximum of aerosol based emissions and top supersaturation ratio is possibly due to the methodology being not suited for two competing mechanisms. In general, the aerosol based emissions followed the trend of the supersaturation ratio at the top of the absorber column. The methodology presented in this study can be used for predicting aerosol based emissions with solvents other than MEA and in reactive absorption processes. Future research on this topic is directed towards comparing the model results with experiments and thereby, validate the model.
